sensorimotor function and induces severe neurobehavioral and cognitive impairments. 6 Previous neuroprotective studies of brain injury have emphasized gray matter injury over WM injury, perhaps in part, due to the failures of neuroprotectants designed to target the pathological alterations in neurons. 4, 7 Thus, we believe a more comprehensive study regarding WM injury in ischemic stroke is needed.
Although neuroprotectiveagents have shown robust efficacy in the laboratory, there have been, to date, no successful outcomes in clinical trials. 8 Thus far, hypothermia has been shown to be the most promising neuroprotectant due to its multifaceted neuroprotective effects, 9 including reduction in infarct volume 10 ; attenuation of intracellular calcium influx; lowering of intracellular acidosis 11 ; suppression of oxygen free radicals formation 12 ; prevention of blood brain barrier breakdown 13 ; depression of inflammatory cells infiltration 14 ;
delays proliferation of microglia 15 ; and attenuation of production of microglial IFN-β and nitric oxide. 16 A recent study also showed that hypothermia partially protected against WM injury after global cerebral ischemia in neonatal sheep and enhanced axonal myelination after hypoxia-ischemia in the immature rat brain. 17, 18 However, the effects of hypothermia on WM injury after focal ischemic stroke in the adult brain have yet to be elucidated.
In this study, we use a mouse model of transient middle cerebral artery occlusion to investigate the effects of focal hypothermia on long-time WM injury after ischemic stroke. We revealed for the first time that hypothermia improves long-time WM integrity after focal ischemic stroke. In addition, results show that hypothermia promotes microglial differentiation into the beneficial M2 phenotype at the expense of the detrimental M1 phenotype.
| ME THODS

| Ischemia model and hypothermia administration
Male 10-to 12-week-old C57BL/6 mice (Vital River Laboratory Animal Technology Co. Ltd, Beijing, China) were used in this study.
Focal cerebral ischemia was induced byreversible intraluminal occlu-
sion of the right middle cerebral artery (MCAO) for 60 minutes as previously described. 19 In brief, mice were anesthetized with 1.5% enflurane in a 30% O 2 /70% N 2 O mixture after which a midline ventral neck incision was made, and right MCAO was induced by inserting a silicone-coated nylon monofilament into the internal carotid artery via the right external carotid artery stump. This monofilament tip was positioned at a distance of 6 mm beyond the internal carotid/pterygopalatine artery bifurcation. The rectal temperature was maintained at 37.0 ± 0.5°C with a heating lamp and heating pad during surgery, ischemia and focal hypothermia, respectively. Using laser Doppler flowmetry, we measured regional cerebral blood flow and confirmed the success of ischemic occlusion. Mice that did not have a local cerebral blood flow reduction of <30% of baseline were excluded from further experimentation. Sham mice underwent the anesthesia and surgery but not MCAO.
Mice were randomly assigned to normothermia +sham (37°C + sham), focal hypothermia +sham (33°C + sham), normothermia +MCAO (37°C + MCAO), and focal hypothermia +MCAO (33°C + MCAO) groups, respectively. Focal hypothermia was initiated immediately after the end of MCAO by placing an ice pack under the skull of mouse, and the temperature of the temporalis muscle was monitored and maintained at 32 -34°C for 2 hours for each hypothermic group. Mice were euthanized at 5, 14 and 28 days after MCAO, and brains were removed for biochemical and histological assessments.
All experimental procedures were approved by the Animal Care
and Use Committee at Capital Medical University.
| Oligodendrocytes culture and hypothermia administration
Oligodendrocytes were cultured as previously described. 20 Briefly, tissue was isolated from the cerebrums of 24-hours-old 
| Neurological function evaluation
| Rotarod test
The rotarod test was performed to assess motor cooperative ability of experimental mice as previously described with small modifications. 22 Mice were placed on a revolving rod with a rotating speed that was accelerated from 0 to 30 rounds/min (rpm) within 2 minutes and then maintained at this speed for the following 8 minutes. Mice were trained before MCAO until they could remain on the revolving rod for 10 minutes. Post surgery tests were done on days 3, 5, 7, 9, 11, and 13, respectively, after MCAO and latency times of mice falling from the rotating rod were recorded. Three trials were performed per day, and the average latency times were used for analyses.
| Morris water maze test
Spatial learning and memory ability of mice were assessed using the Morris water maze previously described. 23, 24 Briefly, a black circular pool surrounded by visual spatial cues was located in a room and was filled with water (20 ± 1°C). An escape platform was submerged 2 cm below the water surface, and the location of this platform remained constant throughout all subsequent experiments. For the spatial learning phase, mice were placed into one of four locations (north, south, east, and west) and were given 60 seconds to find the escape platform. Each mouse was given four trials per day, and the average escape latency was used for statistical analysis. One day after the last spatial learning test, the escape platform was removed. Each mouse was released from the most distal location from the target quadrant and was given a single 60 seconds probe test. The time spent in the target quadrant and the swimming speed was recorded.
| Infarct volume
Infarct volume was assessed by hematoxylin and eosin (H&E) staining. 
| Immunofluorescence staining
Brains were sectioned as above and blocked in 5% donkey serum albumin in PBS for 1 hours at room temperature after which sections were incubated overnight at 4°C using the following primary 
| Western blot analysis
Brains isolated from mice were homogenized in RIPA lysis buffer containing protease inhibitors. The supernatants were collected after centrifugation, and the protein concentration of each sample was determined using the Pierce BCA protein assay kit (Bio-Rad, Berkeley, CA, USA). Equivalent amounts of protein were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to cellulose acetate membranes. The membranes were blocked for 1 hours in 5% dried skimmed milk in Tris-buffered saline solution, and proteins were probed overnight at 4°C with primary antibodies recognizing rabbit anti-MBP (Abcam, Cambridge, MA, USA)
or rabbit anti-β-actin (Santa Cruz, CA, USA). After three washes with
Tris-buffered saline, the membranes were incubated with horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody (HRP, Abgent, San Diego, USA) for 1 hours at room temperature.
Protein bands were detected using an enhanced chemiluminescence reagent (Millipore, Billerica, MA, USA). Membranes were scanned, and image capture was performed using computerized imaging soft- 
| Real-time PCR (RT-PCR)
RT-PCR was carried out as previously described. 26 Briefly, and according to the manufacturer's instructions, total RNA was extracted from brain tissue and purified using the RNeasy Mini Kit (Qiagen, Duesseldorf, Germany). The first strands of complementary DNA were synthesized using 2 μg of total RNA with the SuperScript FirstStrand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA).
Quantitative RT-PCR (qRT-PCR) was carried out on the Rotor-Gene Q (Qiagen) using SYBR gene PCR Master Mix (Qiagen) and primers previously described. 26 GAPDH was used as the internal reference gene. The cycle time values of the genes of interest first normalized to GAPDH, and then the expression levels of the genes were calculated and expressed as fold changes versus sham control.
| Immunofluorescence staining and RT-PCR analysis of cultured oligodendrocytes
For immunofluorescence staining, cultured oligodendrocytes were seeded on coverslips in 24-well plates. The coverslip cultures were fixed with 4% paraformaldehyde in PBS for 30 minutes at room temperature. The cell membranes were pierced with 1.0% Triton X-100 for 20 minutes, and cells were blocked with 5% donkey serum for 60 minutes at room temperature. The coverslips were incubated overnight at 4°C with primary antibodies including mouse anti-NG2 (Chemicon, Temecula, CA, USA) and rabbit anti-MBP (Abcam, Cambridge, MA, USA). Subsequently, the coverslips were incubated with donkey anti-mouse and donkey anti-rabbit antibodies for 1 hours at room temperature the following day. Finally, the coverslips were transferred onto glass slides which were previously filled with DAPI (a nuclear marker; Thermo fisher, MA, USA). The glass slides were kept in the dark at 4°C for further confocal microscopy (Olympus, Tokyo, Japan) observation after natural drying.
For RT-PCR analysis,oligodendrocytes were seeded in six-well plates and then collected in 1.5-mL centrifuge tubes. RNA was extracted, complementary DNA was synthesized, and RT-PCR was performed using primers previously described. 27, 28 GAPDH was used as the internal reference gene. The cycle time values of the interest genes were first normalized to GAPDH, and then the expression levels of the genes were calculated and expressed as fold changes versus normothermic group.
| Statistical analysis
All assessments were carried out by investigators blinded to the experimental group conditions. All values were expressed as mean ± standard error of the mean. A two way analysis of variance Differences were deemed statistically significant at P < 0.05.
| RE SULTS
| Hypothermia reduces infarct volume and attenuates behavioral deficits after MCAO
Infarct volume was significantly reduced in mice maintained at 33°C compared to those kept at 37°C at day 5 after MCAO, as
shown by H&E staining (P < 0.001; Figure 1A ,B). Next, we used two neurobehavioral tests to evaluate whether hypothermia treatment could increase neurological functional recovery. The rotarod test was performed on days 3, 5, 7, 9, 11, and 13 after MCAO to assess sensorimotor functions. Hypothermia treatment significantly increased the latency time to fall off the rotating rod compared with normothermia on days 5, 7, 9, 11, and 13 after MCAO (P < 0.05 at day 11; P < 0.01 at day 5 and 9; P < 0.001 at day 7 and 13; Figure 1C ). The Morris water maze test was carried out to evaluate cognitive performance on days 21-25 after MCAO.
Hypothermia-treated mice used less time to find the hidden platform than normothermia-treated mice in the spatial learning test (P < 0.01 at day 23 and 25; P < 0.001 at day 24; Figure 1E ). Results indicated that hypothermia facilitated spatial learning function recovery after MCAO. Furthermore, hypothermia-treated mice also spent more time in the target quadrant than normothermiatreated mice when the escape platform was removed (P < 0.01; Figure 1G ), suggesting that hypothermia can alleviate memory deficits after MCAO. By comparison, the swimming speed of the both groups was not statistically different ( Figure 1F ), indicating that these differences in spatial learning and memory could not be due to variations in motor skills.
| Hypothermia promotes WM integrity in ischemic mice
WM integrity is essential for normal neurological function, and disruption to this integrity is partially responsible for behavioral deficits after stroke. 29, 30 Thus, we examined the effects of hypothermia on WM injury after MCAO. To accomplish this goal, we assessed two WM markers using double-labeling immunofluorescence for SMI32, a marker of axonal damage, and MBP, a marker of myelin integrity.
31
A marked reduction in MBP intensity and increased SMI-32 intensity were detected in the WM-enriched striatum ( Figure 2A ) and corpus callosum ( Figure 2B ) in the normothermia-treated brains at day 28
after MCAO. Treatment with hypothermia significantly protected WM integrity after MCAO, as quantified by decreased SMI32 intensity (P < 0.001; Figure 2A ,B) and increased MBP intensity (P < 0.05; Figure 2A ,B) relative to normothermia-treated controls. To confirm the protective effects of hypothermia in WM, we further assessed changes in MBP using western blotting at 28 day after MCAO ( Figure 2C ). Quantitative data showed that MBP was significantly higher in hypothermia-treated mice than in normothermia mice (P < 0.05; Figure 2D ).
| Hypothermia attenuates M1 and promotes M2 polarization of microglia after MCAO
The differentiation of oligodendrocyte lineage cells is partially regulated by microglia. For example, the beneficial M2 phenotype microglia drive oligodendrocytes differentiation and enhance remyelination. 32 Here, we tested whether hypothermia could regulate microglial phenotype after MCAO. Consistent with previous studies, Iba-1 (a marker of microglia/macrophage) immunostaining demonstrated that hypothermia attenuated the proliferation of microglia in the peri-infarct area of ischemic brains at 14 days after MCAO (P < 0.05; Figure 3C , right). Additionally, we found that hypothermia treatment significantly decreased M1 microglia (P < 0.001; Figure 3C , left), while at the same time significantly increased M2 microglia (P < 0.01; Figure 3C , middle), as found by decreased CD16 + (a marker of M1 microglia) and increased CD206 + (a marker of M2 microglia), respectively. Consistent with immunofluorescence results, mRNA expression of M1 microglia markers in hypothermia mice, including CD11b, iNOS, CD32, CD16, and CD86, was lower compared with normothernia mice ( Figure 4A ). By comparison, the levels of M2-type genes (CD206, Arg1, IL-10, and TGF-β) in hypothermia mice were higher than those in normothermia mice ( Figure 4B ). In summary, these findings indicate that hypothermia can attenuate the harmful M1 phenotype and at the same time promote beneficial M2 phenotype after ischemia.
| Hypothermia promotes oligodendrocytes differentiation after OGD
Hypothermia is known to promoteoligodendrocytes maturation in the hypoxic-ischemic neonatal rat brain. 21 In this study, we evaluated the effects of hypothermia on oligodendrocytes differentiation and maturation in vitro. The protocol for oligodendrocytes culture and hypothermia administration was shown in Figure 5B .
Immunocytochemical characterization of mature oligodendrocytes and oligodendrocyte progenitor cells (OPCs) was analyzed using MBP and NG2 (a specific marker of OPC), respectively. The representative images of oligodendrocytes differentiation and maturation in every group at 8 days of T3 treatment are shown in Figure 5D . Changes in levels of NG2 and MBP mRNA in each group were found using qRT-PCR. Hypothermia promoted oligodendrocytes differentiation after OGD, as found by decreased NG2 mRNA and increased MBP mRNA at day 8 of T3 treatment compared to controls (P < 0.05; Figure 5C ).
| D ISCUSS I ON
Hypothermia is defined as an intentionally controlled reduction from a normal body temperature to temperatures in the range of 32-35°C F I G U R E 1 Hypothermia reduces infarct volume and improves behavioral functions after ischemic stroke. A, Representative H&E-stained coronal sections at day 5 after MCAO in 37 and 33°C mice, respectively. Yellow lines indicate infarct areas. B, Infarct volumes were significantly reduced in 33°C mice compared with 37°C mice. C, The rotarod test showed 33°C + MCAO mice exhibited improved performance compared to 37°C + MCAO mice at 5, 7, 9, 11, and 13 days after MCAO. D, Representative images of the swimming paths in the Morris water maze test when the submerged platform was present and after it was removed. E, Time to find the submerged platform was measured at days 21-25 after MCAO or sham surgery. F, Swimming speed was comparable among the four groups. G, The percentage of time spent in the goal quadrant after the submerged platform was removed was measured in both the MCAO and sham groups at day 25. All data are expressed as mean ± SEM, n = 5-6 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham groups; #P < 0.05, ##P < 0.01 and ###P < 0.001 versus 37°C + MCAO (mild), 28-32°C (moderate), and 20-28°C (deep), and mild hypothermia (32-35°C) is the most promising neuroprotectant due to its multifaceted neuroprotective effects and is similarly protective as moderate to deep hypothermia. 9 WM injury is an inevitable complication of ischemic stroke and an important factor of sensorimotor and cognitive impairment. However, the long-term effects of mild hypothermia on WM injury after acute ischemic stroke have been, to date, rarely assessed. In the current study, we found that the mild hypothermia reduced WM injury and improved neurobehavioral functions 28 days after MCAO. WM damage, including loss of myelin and axonal degeneration, is known to induce signal transmission disturbances between different brain areas and results in severe neurobehavioral function deficits. 33 In accordance with a previous study, 34 we found that focal cerebral ischemia resulted in serious myelin damage in the WM-enriched striatum and corpus callosum, which were significantly reduced by hypothermia. Thus, we believe that the preservation or restoration of WM integrity may enhance sensorimotor and cognitive functions after ischemic stroke.
Oligodendrocytes are essential for remyleniation of damaged WM and play a critical role in the restoration of neurobehavioral functions after ischemic stroke. 35 OPCs are immature oligodendrocytes which have been shown to differentiate into mature Quantitative data showed that the MBP was significantly higher in hypothermia-treated mice (33°C) than in normothermia mice (37°C); n = 5 per group. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham groups, #P < 0.05, ###P < 0.001 versus 37°C + MCAO group oligodendrocytes and decrease the rates of demyelination after brain injury. 36 Indeed, hypothermia has been shown to promote oligodendrocytes maturation in hypoxic-ischemic neonatal rat brains. 21 In this study, results demonstrated that hypothermia promoted the differentiation of OGD-induced OPCs into mature oligodendrocytes. 38 In this study, we demonstrated that hypothermia attenuated the activation of microglia around the ischemic zone which was consistent with previous research. 
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